The research on the control strategy and dynamic characteristics of the Molten Carbonate Fuel Cell-Micro Gas Turbine (MCFC-MGT) hybrid power system has received much attention. The use of the Hardware-In-the-Loop Simulation (HILS) method to study the MCFC-MGT hybrid power system, where the MCFC is the model subsystem and the MGT is the physical subsystem, is an effective means to save development cost and time. The difficulty with developing the MCFC-MGT HILS system is the transfer of the mass, energy, and momentum between the physical subsystem and the model subsystem. Hence, a new Simulation-Stimulation (Sim-Stim) interface model of the MCFC-MGT HILS hybrid power system to achieve a consistent mass, energy, and momentum with the prototype system of the MCFC-MGT hybrid power system is proposed. In order to validate the Sim-Stim interface model before application in an actual system, both a real-time model of the MCFC-MGT hybrid power system and the MCFC-MGT HILS hybrid power system based on the Sim-Stim interface model were developed in the Advanced PROcess Simulation (APROS) platform. The step-up and step-down of the current density, which were strict for the Sim-Stim interface model, were studied in these two models. The results demonstrated that the Sim-Stim interface model developed for the MCFC-MGT HILS hybrid power system is rapid and reasonable.
Introduction
With economic development and the quality of life being improved, the demand for electricity is greatly increasing worldwide. Hence, facing increasingly serious energy and environmental challenges, the development of power systems with high efficiency and low emission is an inevitable trend. Fuel cells, which directly converts the chemical energy of fuel into electricity, have the potential to generate power more efficiently than traditional power generation systems. Moreover, high-temperature fuel cells have the advantage of utilizing the various hydrocarbon fuels directly, because the temperature range of the reforming reaction is consistent with the operation temperature [1] . Moreover, the Molten Carbonate Fuel Cell (MCFC), a typical high-temperature fuel cell, is able to operate at atmospheric pressure. However, the exhaust temperature of MCFC is about 650 degrees Celsius; thus, direct emissions will cause huge energy waste [2] . The Heat Exchanger (HE) is considered to recover the waste heat of MCFC where the air is employed as a heat transfer fluid. Meanwhile, to enhance the ability of the heated air to output power, the air is generally pressurized by a compressor before being heated. The Micro Gas Turbine (MGT), which is composed of an HE, a turbine, a compressor, a generator, and a combustor, constitutes a hybrid power system to be used with MCFC to increase the total generation efficiency [3] . Due to the difference in response speed between MCFC and MGT, the coupling characteristics and control strategies of the MCFC-MGT hybrid power system are quite complicated. Some research institutions have done a lot of work on the MCFC-MGT hybrid power system through simulation methods and experimental methods [4] [5] [6] . Thermodynamic analyses and numerical simulations based on the mathematical model of the MCFC-MGT hybrid system can provide a key initial understanding and guidance for mastering the operating mechanism of the system [3, 7, 8] . However, there is still a huge gap in the effectiveness of the system in terms of its practical application. Therefore, in order to implement more precise investigation, some commercial companies have conducted demonstration research on MCFC-MGT hybrid power systems through experimental methods [6, 9, 10] . Using Toyota 50 KW MGT and IHI 300 KW MCFC, the research team of Toyota established a MCFC-MGT hybrid power system with an efficiency level of 75% [6] . However, to protect the MCFC and ensure the security of the system, numerous meaningful limit tests cannot be carried out. In addition, the advanced control strategies for the MCFC-MGT hybrid power system and the transient characteristics of the MCFC coupled with MGT are not convenient for simultaneous research. For a coupled system such as the MCFC-MGT hybrid power system, applying a research method completely based on hardware is impractical and costly. When using a mathematical model to study the MCFC-MGT hybrid power system, the uncertainty of the knowledge of some components in the coupled system that are relied on in the mathematical model will inevitably reduce the accuracy of theoretical analysis. In this case, for the investigation of complex systems, prototypes or physical simulations of experimental tests are required for this part of the components. Therefore, it is necessary to employ a method that makes full use of the advantages of numerical and hardware simulations, and to concurrently avoid their defects [11] . The research method that combines numerical and hardware simulations is the so-called Hardware In the Loop Simulation (HILS) method. Hao [12] and Yang [13] have done some numerical simulation work on the MCFC model and research on the simplified MCFC-MGT HILS hybrid power system. In the MCFC-MGT HILS hybrid power system [4] , the dynamic model of the MCFC is developed by VC++, and the GT is replaced by a turbocharger and a throttle. The temperature response of the MCFC and combustor outlet during the step changes of anode gas flow and current density were studied in the HILS hybrid power system. The characteristic of the hybrid power system were clearly observed. However, the alternative provided by a turbocharger and a throttle cannot exactly represent the complicated dynamic characteristics of the real gas turbine. Hence, it is necessary to establish a HILS system that can accurately discover the dynamic characteristics of the MCFC-MGT hybrid system.
Obviously, due to the interaction between the physical part and the virtual part, a lot of complex technical problems are involved in applying the HILS method to investigate the MCFC-MGT hybrid power system. The actual mass and energy flow existing in the various subsystems of the MCFC-MGT hybrid power system are the difference between the power system and other systems and industries that widely apply the HILS method, such as the multicellular converter [14] , the automotive industry [15] , the engine management system [16] , and aircraft navigation [17, 18] . The key to building the MCFC-MGT hybrid power system based on the HILS method is to keep the mass, energy, and momentum of the HILS system consistent with the prototype. For the HILS system, which involves energy transfer between the physical part and the virtual part, a Simulation-Stimulation (Sim-Stim) interface model of a low power DC HILS system, which not only transfers the signal between the physical part and the virtual part but also involves a real power environment, was developed to transfer the output of the virtual part into the real energy to power the hardware part [19] . Therefore, to investigate the hybrid power system by applying the Capstone C30 MGT and fuel cell stacks, a reasonable and universal HILS method is developed, which includes a new Sim-Stim interface model to solve the problems of mass conservation, energy conservation, and momentum conservation between the HILS system and the prototype system. The MCFC-MGT HILS hybrid power system based on the Sim-Stim interface model has the advantage of conveniently modifying the MGT and preventing it from demerging. Moreover, since the common communication tools and general databases are used during the building of the HILS system, other distributed power systems that need to be investigated later can continue to expand.
To obtain the precise dynamic characteristics of the MCFC-MGT HILS hybrid power system, a reasonable mathematic model of the MCFC stacks is needed. So far, numerous researchers have developed variable mathematical models to investigate the dynamic characteristics and detailed internal transition of the MCFC based on experimental correlations. Lukas [20] developed a lumped parameter mathematical model of a direct reforming MCFC. The advantage of the differential equations is that they are able to determine the gas species at the anode outlet without solving the reaction rate of the water-gas shift reaction. Through the MCFC model, the dynamic responses to a step-up in power demand are investigated by observing the mole fraction of cathode gas composition, stack temperature, and system voltage. Roberts [21] developed two kinds of lumped parameter models using different methods with different research groups. The transient responses of the MCFC model with a fuel supply drop under different pressures were compared. Both the model developed by Roberts and the model developed by Gemmen are able to simulate the dynamic characteristic of the MCFC reasonably. Law [22] investigated the dynamic characteristics of the temperature gradients of the MCFC under the variation of flow types with the three-dimensional model. Lee [23] developed a three-dimensional model by using COMSOL Multiphysics software to obtain steady state conditions with the different current collectors. Then, the improved direction of the current collector was proposed by comparing the gas species of the channel and the polarization loss in different current collector structures. It is obvious that the three-dimensional computational fluid dynamics model can be employed to obtain the internal parameters of the fuel cell, and the lumped parameter model is suitable for the prediction of the dynamic characteristics of the fuel cell. Therefore, the lumped parameters method was utilized to develop the MCFC model to guarantee that the virtual part of the MCFC-MGT HILS hybrid power system operates in real time.
The most important thing for the MCFC-MGT HILS hybrid power system is to ensure that the dynamic characteristics are consistent with the prototype system of the MCFC-MGT hybrid power system. Before applying this new Sim-Stim interface model in a real MCFC-MGT HILS hybrid power system, validation is necessary. In this paper, the model of MGT is validated with the design parameters [24] , and the dynamic response of the MCFC model is compared with that detailed in the literature [25] . Then, the real-time model of MCFC-MGT hybrid power system and the real-time model of MCFC-MGT HILS hybrid power system based on the Sim-Stim interface model are established. Because the mature Capstone C30 MGT is employed in the actual MCFC-MGT HILS system, the original control of the C30 is reserved. Thus, its rotational speed is kept constant within the controllable range during the study of the dynamic characteristics of the HILS system. The air flow of the MGT changes slowly. For the MCFC-MGT HILS hybrid power system, research on the various transient responses, such as the load tracking, thermal management of the MCFC stack, or bypass influence, is related to the adjustment of the MCFC current density [26] [27] [28] [29] . Therefore, the step change of the MCFC current density is a strict test for the Sim-Stim interface model under all operating conditions. Therefore, the step-up and step-down of the current density for MCFC investigation were implemented. The fast time scale transient response and slow time scale transient response between these two models were compared to validate the accuracy and rapidity of the Sim-Stim interface model.
Model Description

Model Object
The direct reforming MCFC-MGT hybrid power system is shown in Figure 1 . Air is pressurized by a compressor. Then, the compressed air is delivered to the HE to recover waste heat released by the MCFC. Next, the heated air expands in the turbine that coaxially drives the compressor and the generator. The exhaust gas from the turbine flows into the oxidizer, in which an oxidation reaction occurs with the remaining fuel that escapes from the MCFC anode outlet. Then, the gas that contains abundant carbon dioxide goes into the cathode channel of the MCFC. The advantages of this hybrid power system are that the operating pressure of MCFC is almost equal with the atmospheric pressure and the waste heat of the MCFC is sufficiently used by the MGT. A diagram of the MCFC-MGT HILS system is shown in Figure 2 . The components inside the solid line are the virtual parts of the HILS system, the components inside the dotted line are the interface parts, and the others are the physical parts. In the physical part of the MCFC-MGT HILS system, the real MCFC stack between the turbine and the HE is absent. Therefore, the gas flowing into the HE is not heated by the MCFC stack, and the pressure loss of the MCFC that has an effect on the characteristics of the MGT is missed. In order to solve this two main problem, a new Sim-Stim interface model for the MCFC-MGT HILS hybrid power system that includes a model to calculate energy compensation, a model to calculate pressure compensation, and the actual actuator was proposed.
Energies 2019, 12, 2192 4 of 21 and the waste heat of the MCFC is sufficiently used by the MGT. A diagram of the MCFC-MGT HILS system is shown in Figure 2 . The components inside the solid line are the virtual parts of the HILS system, the components inside the dotted line are the interface parts, and the others are the physical parts. In the physical part of the MCFC-MGT HILS system, the real MCFC stack between the turbine and the HE is absent. Therefore, the gas flowing into the HE is not heated by the MCFC stack, and the pressure loss of the MCFC that has an effect on the characteristics of the MGT is missed. In order to solve this two main problem, a new Sim-Stim interface model for the MCFC-MGT HILS hybrid power system that includes a model to calculate energy compensation, a model to calculate pressure compensation, and the actual actuator was proposed. Firstly, in order to guarantee energy conservation on the cold side of the HE, the enthalpy difference of the HE outlet between the two different HE models is calculated. The entrance boundary conditions of one HE model are obtained by measuring the temperature, pressure, and mass flow of the compressor outlet and the turbine outlet. The entrance boundary conditions of the another one are gained from the output of the MCFC stack and the measured value of the turbine outlet. Then, the enthalpy difference of the heated air is compensated by injecting additional fuel into the combustor of the MGT. The enthalpy difference is converted to the fuel mass flow rate by dividing the Low Calorific Value (LCV) of the fuel. Then, feed-forward and Proportion Integration Differentiation (PID) technology are employed to achieve fast and accurate control of the fuel valve. A schematic diagram of the afterburning control structure is shown in Figure 3 . The mass flow rate of the additional fuel is much smaller than the air entering the turbine, and the effect of the mass flow change is ignored. In addition, because of the huge thermal inertia of the MCFC stack, the temperature of the cathode outlet changes slowly. The flow delay, which exists between the turbine and the HE, is neglected. Secondly, due to missing the pressure loss of the MCFC stack between the turbine and the HE, the dynamic characteristics of the turbine change as the backpressure varies. Although the actual MCFC stack should be located between the HE and the turbine, the pressure control valve at the end of the MGT, which simulates the pressure drop of the MCFC stack, does not affect the turbine's operating characteristics due to the rapid pressure propagation. Therefore, the mass conservation, energy Firstly, in order to guarantee energy conservation on the cold side of the HE, the enthalpy difference of the HE outlet between the two different HE models is calculated. The entrance boundary conditions of one HE model are obtained by measuring the temperature, pressure, and mass flow of the compressor outlet and the turbine outlet. The entrance boundary conditions of the another one are gained from the output of the MCFC stack and the measured value of the turbine outlet. Then, the enthalpy difference of the heated air is compensated by injecting additional fuel into the combustor of the MGT. The enthalpy difference is converted to the fuel mass flow rate by dividing the Low Calorific Value (LCV) of the fuel. Then, feed-forward and Proportion Integration Differentiation (PID) technology are employed to achieve fast and accurate control of the fuel valve. A schematic diagram of the afterburning control structure is shown in Figure 3 . The mass flow rate of the additional fuel is much smaller than the air entering the turbine, and the effect of the mass flow change is ignored. In addition, because of the huge thermal inertia of the MCFC stack, the temperature of the cathode outlet changes slowly. The flow delay, which exists between the turbine and the HE, is neglected. Secondly, due to missing the pressure loss of the MCFC stack between the turbine and the HE, the dynamic characteristics of the turbine change as the backpressure varies. Although the actual MCFC stack should be located between the HE and the turbine, the pressure control valve at the end of the MGT, which simulates the pressure drop of the MCFC stack, does not affect the turbine's operating characteristics due to the rapid pressure propagation. Therefore, the mass conservation, energy conservation, and momentum conservation between the MCFC-MGT system and the MCFC-MGT HILS system can be achieved by building the Sim-Stim interface model and applying it in the hybrid power system, which includes the measurement equipment, the models of the two kinds of HEs, the model of the pressure drop in the MCFC stack, the fuel control valve, and the pressure control valve.
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power system, which includes the measurement equipment, the models of the two kinds of HEs, the model of the pressure drop in the MCFC stack, the fuel control valve, and the pressure control valve. Hence, ensuring the balance of mass, energy, and momentum between the virtual part and the physical part of the HILS system can achieve reasonable dynamic characteristics in the HILS system. In order to validate the Sim-Stim interface model before the actual application, real-time models of both the MCFC-MGT system and the MCFC-MGT HILS system are developed in this paper. The MGT is simulated by Advanced PROcess Simulation (APROS), which is mainly based on modularization and supports the external module developed by the user. The model of MCFC and the model of the Sim-Stim power system, which includes the measurement equipment, the models of the two kinds of HEs, the model of the pressure drop in the MCFC stack, the fuel control valve, and the pressure control valve. Hence, ensuring the balance of mass, energy, and momentum between the virtual part and the physical part of the HILS system can achieve reasonable dynamic characteristics in the HILS system. In order to validate the Sim-Stim interface model before the actual application, real-time models of both the MCFC-MGT system and the MCFC-MGT HILS system are developed in this paper. The MGT is Hence, ensuring the balance of mass, energy, and momentum between the virtual part and the physical part of the HILS system can achieve reasonable dynamic characteristics in the HILS system. In order to validate the Sim-Stim interface model before the actual application, real-time models of both the MCFC-MGT system and the MCFC-MGT HILS system are developed in this paper. The MGT is simulated by Advanced PROcess Simulation (APROS), which is mainly based on modularization and supports the external module developed by the user. The model of MCFC and the model of the Sim-Stim interface model are simulated by the Dynamic Link Library (DLL) using Fortran language. The model of the MCFC stack is a lumped real-time model embedded in APROS. The developed MCFC stack module is illustrated in Figure 4 . 
Mathematical Model
Basic Equations
The lumped parameter method is employed to develop the model of the MCFC-MGT hybrid power system. Due to no phase change occurring in all components of the hybrid power system, the homogeneous model is enough to simulate the conservation of the gas flow. It mainly includes the following three conservation equations [30] :
Mass balance:
Momentum balance:
Energy balance:
In the above equations, Q is the quantity of heat exchange, F is the friction force produced during gas flow, and the subscript w is the wall of the pipe or other components. To solve the partial differential equations, the discretization methods of time and space are utilized. The staggered discretization scheme is used for spatial discretization. Different parameters are solved at different locations in the grid. At the same time, the implicit method is considered for the temporal 
Mathematical Model
Basic Equations
In the above equations, Q is the quantity of heat exchange, F is the friction force produced during gas flow, and the subscript w is the wall of the pipe or other components. To solve the partial differential equations, the discretization methods of time and space are utilized. The staggered discretization scheme is used for spatial discretization. Different parameters are solved at different locations in the grid. At the same time, the implicit method is considered for the temporal discretization [30] .
Compressor Model
The ideal process for a compressor is an isentropic compression process. However, the thermal process inside the compressor is affected by multiple elements, such as frictional heat generation. Calculation of the compression process requires correction of the isentropic process. The adiabatic efficiency is the power consumption ratio of the adiabatic isentropic process to the adiabatic entropy increase process.
The power consumption of the ideal process of the compression is a function of the temperature, pressure ratio, and specific heat capacity ratio:
where R = 8.3145 J/mol·K is the ideal gas constant. Therefore, the temperature of the compressor exit is calculated as follows [31] :
where π c is the pressure ratio of the compressor.
Turbine Model
The calculation of pressure and enthalpy is employed to simulate the turbine. The flow rate is a function of the pressure between the inlet and outlet of the turbine. In the turbine, there are different outlet pressures under different flows. Therefore, the Stodola coefficient is calculated as follows [32] :
where K is the Stodola coefficient, m is the mass flow rate through the turbine model, and p 1 and p 2 are the model inlet and outlet pressure, respectively; v 1 is the model inlet specific volume. The subscript 0 represents parameters under ideal conditions. The above formula shows that if the inlet and outlet pressure are known, the mass flow rate through the model can also be obtained:
The practical form loss factor is calculated as follows:
For the gas turbine, the working fluid is gas. The model enthalpy difference is
MCFC Model
In this paper, the direct reforming MCFC is considered. The reforming reaction of methane is an endothermic reaction, and is thus affected by the temperature. The gas species of the anode and cathode also impact the chemical reactions. For convenience, collection of the gas species is arranged in the following order:
To reflect the main characteristics of the fuel cell and simplify the model, the four main reactions, including the anode electrochemical reaction, the reforming reaction, the water-gas shift reaction, and the cathode electrochemical reaction, are considered:
The reforming reaction rate r 1 is determined by the temperature, pressure, and gas species in the anode channel [33] .
where k 1 is the reaction constant, and K p1 is the equilibrium constant of the reforming reaction [33] .
K p1 = 1.198 × 10 11 × exp(−26830/T)
DEN is a function of the partial pressure of gas species and the gas adsorption constant:
The gas adsorption constants of carbon monoxide, hydrogen, methane, and steam are as follows [33] :
K H 2 = 6.12 × 10 −9 × exp 82900 RT
The water-gas shift reaction is a reversible reaction, where the equilibrium constant is a function of the gas species [25] :
Then, a lumped parameter model is applied to solve the transient process of the fuel cell. Some assumptions are considered in the simplified model:
•
All the gases are ideal gases; •
The temperature of the fuel cell is equal with the temperature of cathode exit and anode exit; •
The energy storage of gas and the heat exchange with the atmosphere are ignored; •
The average feature of the gases is consistent with the exit feature.
The mass balance equations of the anode and cathode are as follows [25] :
where V is the control volume of the channel, C is the mole quality per unit volume, F is the mole flow rate, x is mole percentage, and R a(c)i is the total reaction rate of all reactions. The subscripts a, c represent the anode and cathode, respectively; i represents seven different species, and in, o represent the inlet and outlet of the channel, respectively. The energy balance equation of the fuel cell is shown as follows:
where h is the enthalpy of the gas, M s is the mass of the fuel cell, and P dc is the power generated by the fuel cell. After the gas species and the temperature of the stack are solved, the voltage of the cell and the stack can be calculated by the Nernst equation and polarization loss [34] :
The Nernst voltage [35] is calculated by
For this model, by fitting the equation of standard change in Gibbs energy for the water formation reaction, the equation of E 0 as the temperature function was established. The equation for the standard potential voltage [34] is
The internal resistance of the fuel cell is provided by the literature [34] :
The polarization resistance of the anode and cathode is complicated, which can be calculated from some correlation equations [34] : r a = 2.27 × 10 −9 × exp(6435/T)p −0.42 H2 p −0.17
r c = 7.505 × 10 −10 × exp(9289/T) × p −0.43
Heat Exchanger Model
The HE is simulated by a lumped parameter model. The HE internal working fluid of the cold side and heat side are air and flue gas, respectively. Therefore, the universal fluid heat transfer equations for the compressible fluid are applied to build the model of the HE: 
In the above equations, w is the flow rate, h is the enthalpy, the subscripts hot, cl represent the hot side and cold side, respectively; q h is the energy transfer from the gas of the hot side to the wall, q c is the energy transferring from the wall to the gas of the cold side:
In the HE, the thermal inertia of the metal wall cannot be ignored. The heat transferring to the metal wall and the heat transferring from the metal wall cannot be immediately balanced during changing conditions. The heat difference will change the wall temperature:
where c pm , M m are the specific heat and mass of the metal wall, respectively.
Model Validation
The MGT model was simulated by APROS, which was developed by VTT Finland. The model of the MCFC embedded in APROS was developed by the Dynamic Link Library (DLL) using Fortran language. The hybrid simulation method was utilized to simulate the MCFC-MGT hybrid power system. To evaluate the model of the MGT, the steady-state parameters under rated conditions and the steady-state parameters at different atmospheric temperatures were compared with design values [24] . The boundary conditions of the MGT are shown in Table 1 . The steady-state comparison between the design values and the simulation results under rated conditions is shown in Table 2 . The maximum relative error was 3.01%, which occurred at the compressor outlet temperature. However, the absolute error was 4.6 • C, which is reasonable for the simulation. As shown in Figure 5 , at air inlet temperatures ranging from −20 • C to 45 • C, the steady-state parameters, including the exhaust gas temperature, the output power, and the efficiency, were compared with the design parameters. The maximum output power of C30 was limited to 30 kW. The power was maintained at 30 kW by adjusting the fuel mass flow when the ambient temperature was low. As the ambient temperature increased, the mass flow of compressed air decreased and the gas flow of the turbine intake decreased. In order to keep output power at 30 kW, it was necessary to increase the inlet temperature of turbine. However, when the ambient temperature increased by more than 17 • C, increasing the fuel mass flow would have cause the turbine inlet to overheat. In order to protect the MGT, when the ambient temperature exceeded 17 • C, the MGT output power began to decrease as the ambient temperature increased. The comparison of the simulation results with the design values of the MGT shows a good agreement, as shown in Figure 5 . The designed and physical parameters of the MCFC are based on the literature [25] . Thus, the MCFC parameters were compared with those in the literature [25] , as shown in Table 3 . The current density of the MCFC is a given condition that is 1600 A/m 2 . The simulation results of the power of the MCFC stacks and the mole friction of the MCFC exit were highly consistent with the literature. To validate the dynamic characteristics of the MCFC model, a current density trip at full load was implemented. When the current density was rapidly removed, the electrochemical reaction suddenly disappeared. As shown in Figure 6 , the transient responses of the MCFC model were validated with the literature [25] . In the anode channel, the mole fractions of steam and carbon dioxide decreased quickly, and the mole fraction of hydrogen increased quickly. The equilibrium constant of the water-gas shift reaction is a function of the MCFC temperature that almost stays constant over a short period of time. Due to changes in steam, carbon dioxide, and hydrogen, the carbon monoxide affected by the reverse movement of the water-gas shift reaction increases quickly. Since the electrochemical reaction disappears, a greater fraction of the gas species in the cathode channel remains unchanged after a rapid change. Moreover, the rate of change is related to the volume of the cathode channel. The electrochemical reaction is an exothermic reaction. Because the electrochemical reaction disappears, the temperature of the gas in the cathode channel decreases rapidly. However, the temperature of the MCFC stack slowly decreases under the influence of thermal inertia. The reforming reaction and the displacement reaction change slowly with temperature. Therefore, the gas composition in the anode channel also changes slowly. The comparison with the literature showed that the dynamic characteristics of the MCFC model are highly consistent with the literature. Consequently, the proven MCFC model, which changed the number of fuel cells, was coupled with the verified MGT model to simulate the MCFC-MGT hybrid system, in which the output powers of MGT and MCFC were 16.1 and 145.3 kW, respectively.
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Simulation Results and Discussion
In order to validate the real-time Sim-Stim interface model, real-time models of the direct reforming MCFC-MGT hybrid power system and the direct reforming MCFC-MGT hybrid power system based on the Sim-Stim interface model were developed in the APROS platform. Because the mature Capstone C30 MGT is employed in the actual MCFC-MGT HILS system, the original control of the C30 is preserved. Its rotational speed remains constant within the controllable range during the study of the dynamic characteristics of HILS system. Therefore, the step change of the MCFC current density is a strict test for the Sim-Stim interface model under all conditions. Therefore, the step-down and step-up of the MCFC current density were simulated during a real-time operation and compared to the models of the MCFC-MGT hybrid power system and the MCFC-MGT hybrid power system based on the Sim-Stim interface model. 
The Step-Down of the MCFC Current Density
For the fast time scale simulation with step-down of the MCFC current density, the transient response of the voltage of the MCFC, the power of the fuel cell stacks, the cathode inlet temperature, 
Simulation Results and Discussion
In order to validate the real-time Sim-Stim interface model, real-time models of the direct reforming MCFC-MGT hybrid power system and the direct reforming MCFC-MGT hybrid power system based on the Sim-Stim interface model were developed in the APROS platform. Because the mature Capstone C30 MGT is employed in the actual MCFC-MGT HILS system, the original control of the C30 is preserved. Its rotational speed remains constant within the controllable range during the study of the dynamic characteristics of HILS system. Therefore, the step change of the MCFC current density is a strict test for the Sim-Stim interface model under all conditions. Therefore, the step-down and step-up of the MCFC current density were simulated during a real-time operation and compared to the models of the MCFC-MGT hybrid power system and the MCFC-MGT hybrid power system based on the Sim-Stim interface model. For convenience, the model of the MGT-MCFC hybrid power system is named Model A, and the model of the MCFC-MGT based on Sim-Stim interface model is named Model B. In order to confirm the effectiveness of the Sim-Stim interface model, the slow time scale and the fast time scale of the main dynamic parameters were observed.
The Step-Down of the MCFC Current Density
For the fast time scale simulation with step-down of the MCFC current density, the transient response of the voltage of the MCFC, the power of the fuel cell stacks, the cathode inlet temperature, and the cathode outlet temperature were investigated. The comparison between the MCFC-MGT model and the MCFC-MGT model based on the Sim-Stim interface model are presented in Figure 7 . When the MCFC current density steeply decreased by 5%, the power of the MCFC stacks, which is a function of current density, rapidly decreased by 5%. Shortly afterwards, under the combined effect of the change in the remaining fuel composition and current density, the voltage of the MCFC stacks increased by about 0.9% in 1 second. The power of the MCFC stack also increased by about 0.9%. Hence, the power of the MCFC stack decreasesd by 4.1%, and the fuel utilization of the MCFC stack decreased. The incremental resident fuel reacted in the combustor, and the flue gas entered the cathode channel of the MCFC. Therefore, the cathode inlet temperature of the MCFC increased. However, when the thermal inertia of the MCFC stack was greater than the thermal inertia of the gas, the cathode outlet temperature of the MCFC was almost stable over a short period of time. Therefore, the negligence of the flow delay existing between the turbine and the HE is reasonable. The comparison between the MCFC-MGT model and the MCFC-MGT model based on the Sim-Stim interface model revealed that the fast time scale dynamic response is identical and the Sim-Stim interface model is rapid. Figure 8 . Because the thermal inertia of the MCFC stack is huge, the cathode outlet temperature changed slowly in the slow time scale simulation. Moreover, due to the interaction between the MGT and the MCFC, the time constant of the temperature of the MCFC stack increased further. As shown in Figure 7 , when the current density changed to step-down, the cathode inlet temperature increased quickly. As shown in Figure 8 , the temperature of the cathode outlet gradually increased. Since the exhaust of cathode flows into the heat side of the HE, the outlet enthalpy of the HE rose slowly. Then, with the increase in internal energy of heated gas, the power of the MGT and the outlet temperature of the turbine increased. The inlet temperature of the MCFC cathode also increased as the outlet temperature of the turbine increased. 
Conclusions
In this work, a real-time model of the direct reforming MCFC-MGT hybrid power system and the direct reforming MCFC-MGT hybrid power system based on the Sim-Stim interface model were 
In this work, a real-time model of the direct reforming MCFC-MGT hybrid power system and the direct reforming MCFC-MGT hybrid power system based on the Sim-Stim interface model were developed. The MGT model and the MCFC model were verified, respectively. In addition, by implementing the step-down and step-up of the MCFC current density, the fast transient response of the MCFC-MGT model and the MCFC-MGT model based on the Sim-Stim interface model were compared. The results demonstrate that the real-time Sim-Stim interface model with feed-forward and PID technology is fast and accurate, and the negligence of the flow delay existing between the turbine and the HE is reasonable. Through the step-up and step-down of the MCFC current density, a comparison of the slow time scale transient responses of these two kinds of models were presented to investigate the long-term effectiveness of the Sim-Stim interface model. Research on the step process demonstrates that the real-time Sim-Stim interface model for the MCFC-MGT HILS system is reasonable. Further, the new Sim-Stim interface model will be used in the MCFC-MGT HILS hybrid power system. It establishes a foundation for the development of the HILS method to study the coupled distributed power system with mass, energy, and momentum transfer between subsystems. 
